The developmental trajectory of the prefrontal cortex (PFC) in both rats and humans is nonlinear, with a notable decline in synaptic density during adolescence, potentially creating a 'natural lesion' preparation at this age. Given that the PFC is critically involved in retention of extinction of learned fear in adult humans and rodents, the present study examined whether adolescent rats exhibit impaired extinction retention. The results of experiment 1 showed that adolescent rats were impaired in extinction retention, compared with both younger and older rats. The partial NMDA receptor agonist D-cycloserine (DCS) improved extinction retention in adolescent rats (experiment 2), but only if administered immediately after extinction training (experiment 3). In addition, providing extended extinction training improved extinction retention in adolescent rats in a manner similar to that of DCS (experiment 4). The results of this study show that adolescent rats exhibit impaired extinction retention, and that this can be reduced through either DCS or extended extinction training. These novel findings have potential implications for clinical treatments of fear and anxiety disorders in adolescent patients.
Just as animals can learn to fear a stimulus that predicts an aversive outcome, they can also learn to inhibit this learned fear. The most common way to inhibit fear is through the process of extinction, in which the feared stimulus is repeatedly presented without its associated aversive outcome. Extinction is widely accepted as the basis for exposure-based therapies (Myers and Davis, 2002) , and preclinical studies of extinction have led to a number of advances in the treatment of anxiety disorders (Hofmann, 2007) .
Recent preclinical research has shown fundamental developmental differences in extinction of learned fear (Kim and Richardson, 2010) . Specifically, a number of typical extinction-related phenomena do not occur in the preweanling rat. For example, postnatal day 16 rats do not exhibit either reinstatement (Kim and Richardson, 2007a) or renewal of extinguished fear (Kim and Richardson, 2007b; Yap and Richardson, 2007) . In addition, the medial prefrontal cortex (PFC) is not involved in extinction of learned fear in preweanling rats (Kim et al, 2009) , but is critically involved in postweaning and adult rats (Herry and Garcia, 2003; Kim et al, 2009) . Further, NMDA is not involved in extinction in preweanling rats (Langton et al, 2007) , but is in postweaning and adult rats (Baker and Azorlosa, 1996; Langton et al, 2007; Langton and Richardson, 2008) .
Another developmental period of particular interest with regard to the extinction of fear is adolescence. In humans, adolescence is often characterized by higher instability and emotional intensity compared with adults (Larson et al, 1980) . In addition, recent histological and MRI studies have shown that the brain is subjected to considerable restructuring during adolescence (Choudhury et al, 2006) . Specifically, the volume of PFC declines during adolescence in humans (Sowell et al, 1999) , and a similar result has been reported in rats . This decline in volume is due to a 'reorganization' of synaptic connections (Blakemore and Choudhury, 1999) , with an estimated loss of 50% of neocortical synapses within the PFC during adolescence (Huttenlocher, 1984; Mrzljak et al, 1990) . This substantial decrease in PFC volume could have a significant impact on the extinction of fear. Lesions of PFC in rats affect neither the expression of learned fear nor the within-session rate of extinction (Lebron et al, 2004) . However, lesioned rats have impaired memory of extinction when tested the following day; that is, their fear returns more than that observed in controls (Quirk et al, 2000) . Further, depression of PFC synaptic efficacy has no effect on either acquisition of fear or within-session extinction (ie, the decrease in fear across the repeated presentations of the fear-eliciting stimulus), but it does impair extinction retention (Herry and Garcia, 2003) . In humans, extinction retention is positively correlated with PFC thickness (Milad et al, 2005) . Taken together with several fMRI studies that examined extinction retention in humans (Milad et al, 2007; Phelps et al, 2004) , these studies provide strong evidence suggesting that an active PFC is critical for successful extinction retention. As mentioned earlier, the developmental trajectory of PFC in both rats and humans is largely nonlinear (Geidd, 2004; Gogtay et al, 2004; Shaw et al, 2008) , with a decline in volume during adolescence. Considering this, it would seem likely that adolescents would have impaired extinction retention; ie, their fear should be more likely to recover over time. Given that many anxiety disorders emerge during adolescence (Kessler et al, 2005) , an understanding of potential developmental differences in the extinction of fear during this age could provide invaluable insight into the treatment of such disorders during this stage of development.
To date, there has been little experimental analysis of fear extinction in the adolescent animal. In one relevant study, it was reported that adolescent mice exhibited more rapid fear conditioning compared with adult mice, but no age differences were found for extinction (Hefner and Holmes, 2007) . However, that study only examined within-session extinction. As noted above, lesions of PFC do not impair within-session extinction. Rather, functional integrity of the PFC seems to be more important for extinction retention. Therefore, in this study, we examined whether the adolescent rat exhibits impaired extinction retention relative to younger and older rats.
MATERIALS AND METHODS

Subjects
Experimentally naive male Sprague-Dawley rats obtained from the breeding colony maintained by the School of Psychology at the University of New South Wales were used. Rats were weaned at postnatal day 21 ± 1, and placed in plastic boxes (67 Â 40 Â 22 cm) in groups of eight. They were maintained on a 12 h light-dark cycle (lights on at 0700) with food and water available ad libitum. All procedures were approved by the local Animal Care and Ethics Committee and followed the guidelines of Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (2004, 7th Edition) . In experiment 1, rats were 24, 35, or 70 days of age (preadolescent, adolescent, and adult rats, respectively) at the time of fear extinction. In experiments 2-4, all rats were 35 days of age at the time of fear extinction.
Apparatus
Conditioning chamber. Fear conditioning occurred in a rectangular chamber (20 Â 12 Â 12 cm) that was housed inside a wood cabinet to reduce external noise and visual stimulation. The ceiling, front and back wall of the chamber were made of clear perspex, with the floor and side walls consisting of 3 mm stainless steel bars set 13 mm apart. Ventilation fans within the chamber produced a low level of background noise, and illumination was provided by white LEDs. Two speakers through which an auditory CS could be presented were attached 8 cm from either side of the chamber. An infrared camera was attached to the rear wall of the cabinet and allowed the animal's behavior to be recorded.
Extinction/test chamber. Extinction/test occurred in a chamber (30 Â 30 Â 35 cm) constructed of clear perspex with the exception of the grid floor (3 mm stainless steel rods set 1 cm apart). This chamber was housed inside a wood cabinet to reduce external noise and visual stimulation; a ventilation fan produced a low level of constant background noise, and illumination was provided by white LEDs. Two speakers through which an auditory CS could be presented were attached to the top of the chamber. An infrared camera was attached to the rear wall of the cabinet and allowed the animal's behavior to be recorded.
Stimuli. The CS was a white noise, 8 dB above background. A custom-built constant current generator was used to present a 0.6 mA, 1 s shock US to the floor of the conditioning chamber. The presentations of the CS and US were computer controlled and the software was custom developed at the University of New South Wales.
Drugs
In experiments 2-4, rats were injected with either D-cycloserine (DCS; Sigma-Aldrich, Castle Hill, New South Wales) or saline. DCS was freshly dissolved in 0.9% sterile saline. All injections were given subcutaneously in the nape of the neck at a volume of 1.0 ml/kg.
Procedure
Handling and context preexposure. All rats were handled for 3-4 min each day for 2 consecutive days; after the rats were handled, on each day, they were placed in the conditioning chamber for B10 min (context preexposure).
Fear conditioning. Rats were placed in the conditioning chamber and, after a 2-min adaption period, three white noise CS presentations were given. Each CS lasted 10 s and the shock US was administered in the last second. The intertrial interval ranged from 85 to 135 s with a mean of 110 s.
Extinction training.
Approximately 24 h after conditioning, rats were placed in the extinction/test chamber and allowed a 2-min adaption period. In experiments 1-3, all rats were then given 30 CS presentations (10 s each) in the absence of the US; the intertrial interval was 10 s. In experiment 4, two groups were given 30 CS presentations and one group was given 60 CS presentations in the absence of the US.
Drug injection. In experiment 2, rats were injected with either saline or a low (5 mg/kg) or high (15 mg.kg) dose of DCS within 10 min of the last extinction trial. In experiment 3, rats were injected with saline or 15 mg/kg of DCS either within 10 min after the last extinction trial or 4 h later. In experiment 4, some rats were injected with either saline or 15 mg/kg of DCS within 10 min of the last extinction trial.
Test. Approximately 24 h after extinction, rats were placed in the extinction/test chamber and allowed a 1-min adaption period. The CS was then presented for 2 min. The conditioning, extinction, and test procedures are those that we have used in previous developmental studies on extinction of learned fear (eg, Kim and Richardson, 2007a, b) .
Scoring. Freezing was taken as the measure of learned fear, and was defined as the absence of all movement except that needed for respiration (Fanselow, 1980) . A time-sampling procedure was used, in which a rat was determined to be 'freezing' or 'not freezing' every 3 s; the percentage of total observations scored as freezing was then determined for each rat. A second observer, unaware of the rat's experimental condition, scored a random sample of 30% of the test data. Interrater reliability was high in each experiment (rs40.94). The percentage of recovered fear was calculated by taking each animal's score at test and dividing it by its score at the first block of extinction. The average of each group was then calculated.
Exclusion criteria. To ensure that the animals had learned and remembered the CS-US association, they were required to exhibit some threshold level of freezing at the beginning of extinction training. Any rat that had a mean freezing level o30% during the first block of extinction was excluded from all analyses. Further, any rats that were statistical outliers at test (performance more than 2.5 SDs away from the group mean) were excluded. In all, 15 out of 139 rats failed to acquire the CS-US association and two were statistical outliers. Of the 15 rats that failed to meet the learning criterion, 8 came from experiment 1 (3 from the 24-day-old group, 4 from the 35-day-old group, and 1 from the 70 day-old group), 2 came from experiment 2 (1 from the low DCS group, 1 from the high DCS group), 3 came from experiment 3 (1 from each group), and 2 came from experiment 4 (1 from the saline group and 1 from the DCS group).
RESULTS
Experiment 1
Experiment 1 examined whether there were differences in extinction retention between preadolescent, adolescent, and adult rats (24, 35, and 70 days of age, respectively; ns at each age was 12, 13, and 15, respectively). The timeline for this experiment is shown in Figure 1a . As noted earlier, there is evidence that the PFC undergoes substantial changes during adolescence , and that the PFC is critical for extinction retention (Herry and Garcia, 2003; Quirk et al, 2000; Milad et al, 2005) . Thus, if the decreases in PFC volume during adolescence are akin to a 'natural lesion', then adolescent rats should exhibit impaired extinction retention relative to the other age groups.
Conditioning. Figure 1b shows the mean freezing scores for each CS presentation, and, as can be seen, conditioning was successful. Statistical analysis (In all four experiments, conditioning and extinction data were analyzed using a mixed model design with trial as a repeated measure and condition/age as a between-group factor. In cases in which sphericity was violated, a Greenhouse-Geisser correction was made in the reported p values, but the nominal degrees of freedom are reported in the text.) confirmed that there was a significant effect of trial, with freezing increasing across trials, F (2, 60) ¼ 42.22, po0.001. The effect of age, and the trial-by-age interaction, was not significant (Fso1).
Extinction. There were no differences in pre-CS freezing across age, F (2, 30) ¼ 1.68, p40.1; see Table 1 . Freezing during the 30 CS presentations was collapsed into five blocks (six presentations per block) and is shown in Figure 1c . Extinction was successful in that all groups showed high levels of freezing during the first block, which decreased substantially by the last block, F (4, 120) ¼ 22.86, Test. There were no differences in pre-CS freezing levels across age, F (2, 37) ¼ 1.53, p40.1; see Table 1 . In contrast, there were significant differences in CS-elicited freezing across age (Figure 1d ), F (2, 37) ¼ 7.62, po0.05. Pairwise comparisons, using Tukey's honestly significant differences (HSD) test, revealed that 35-day-old rats had significantly higher levels of CS-elicited freezing than did 24-day-old rats (po0.01) or 70-day-old rats (po0.05). The latter two groups did not differ (p40.1). These results show that 35-day-old rats exhibit impaired extinction retention. In terms of percentage recovery, ie, level of freezing at test compared with that seen in the first block of extinction, adolescent rats exhibited complete recovery, (105% recovered fear), whereas the other groups exhibited more modest and comparable levels of fear recovery (45% recovery for the 24-day-old rats and 57% recovery for the 70-day-old rats). Further, these differences cannot be attributed to age differences in either acquisition of fear (Figure 1b) or within-session extinction of fear (Figure 1c ), as both of these were very similar across the three age groups (also see Kim et al, in press ).
Experiment 2
This experiment examined whether extinction retention could be improved in adolescent rats. Previous research has shown that DCS, an NMDA receptor partial agonist, facilitates extinction retention in adult rats (Ledgerwood et al, 2003; Walker et al, 2002) . Furthermore, DCS has also been observed to reduce relapse effects, such as reinstatement (Bertotto et al, 2006; Ledgerwood et al, 2004 ; but see Bouton et al, 2008) . Therefore, in this experiment, adolescent rats were injected with 0, 5, or 15 mg/kg of DCS within 10 min of the last extinction trial (ns ¼ 13, 13, and 14, respectively); see Figure 2a for a timeline.
Conditioning. As can be seen in Figure 2b , conditioning was successful. Statistical analysis confirmed that there was a significant effect of trial, with levels of freezing increasing across trials, F (2, 66) ¼ 52.49, po0.001. The effect of group, and the group-by-trial interaction, was not significant,
.
Extinction. The groups did not differ in levels of pre-CS freezing, Fo1; see Table 1 . As shown in Figure 2c , all groups exhibited high levels of CS-elicited freezing in the first block of extinction, which decreased substantially by the last block. Analysis of variance revealed a significant effect of block, F (4, 132) ¼ 46.49, po0.001. The effect of group, and the group-by-block interaction, was not significant (Fso1).
Test. The groups did not differ in levels of pre-CS freezing, Fo1.0; see Table 1 . In contrast, there were significant group differences in levels of CS-elicited freezing, F (2, 37) ¼ 4.16, po0.05; see Figure 2d . Pairwise comparisons, using Tukey's HSD test, revealed that rats in the saline condition had significantly higher levels of CS-elicited freezing than did rats given the high dose of DCS (po0.05). The rats given the low dose of DCS did not differ from rats given saline (p40.1) or from those given the high dose of DCS (p40.05). As in experiment 1, adolescent rats exhibited a pronounced return of fear when tested 24 h after extinction training (90% recovered fear). However, this poor retention of extinction was attenuated if rats were injected with 15 mg/kg of DCS immediately after extinction (64% recovery). A lower dose of DCS (5 mg/kg) was ineffective (95% recovery).
Experiment 3
This experiment examined whether DCS has to be given soon after extinction to enhance extinction retention in adolescent rats. Previous research suggests that DCS functions to enhance consolidation of the new learning that occurs during extinction (see Davis et al, 2006, for review) . For example, a previous study in adult rats showed that DCS failed to facilitate extinction retention when given 4 h after extinction training (Ledgerwood et al, 2003) . Therefore, in this experiment, three groups of 35-day-old rats were fear conditioned, and then extinguished on the following day. One group was injected with saline either 10 min after the last extinction trial (n ¼ 5) or 4 h later (n ¼ 4); these two groups were collapsed into a single 'saline' control group. A second group (n ¼ 12) was injected with 15 mg/kg of DCS within 10 min after the last extinction trial. Rats in a third group (n ¼ 9) were injected with 15 mg/ kg of DCS 4 h after the last extinction trial (see Figure 3a) . It was expected that the immediate DCS would enhance extinction retention, but the delayed DCS would not.
Conditioning. As can be seen in Figure 3b , conditioning was successful. Statistical analysis confirmed that there was a significant effect of trial, with levels of freezing increasing across trials, F (2, 54) ¼ 70.39, po0.001. The effect of group, Impaired extinction retention in adolescent rats J McCallum et al and the group-by-trial interaction, was not significant,
Extinction. Analysis of pre-CS freezing levels revealed a significant group difference, F (2, 27) ¼ 3.87, po0.05, because of the rats in the saline condition having higher baseline freezing levels than rats in the DCS-immediate condition (see Table 1 ). Because of these differences, extinction data were analyzed by analysis of covariance with pre-CS freezing as the covariant. As shown in Figure 3c , all groups exhibited high levels of CS-elicited freezing in the first block and substantially less freezing by the last block, F (4, 104) ¼ 48.44, po0.001. The effect of group, and the group-by-block interaction, was not significant (Fso1).
Test. There were no group differences in pre-CS freezing levels, F (2, 27) ¼ 1.11, p40.1; see Table 1 . In contrast, there were significant group differences in CS-elicited freezing, F (2, 27) ¼ 10.34, po0.001; Figure 3d . Pairwise comparisons, using Tukey's HSD test, revealed that adolescent rats given DCS immediately after extinction had lower levels of freezing than did adolescent rats given saline immediately after extinction (po0.001) or rats given DCS 4 h after extinction (po0.05); these latter two groups did not differ (p40.1). As in the previous two experiments, 35-day-old rats exhibited very poor retention of extinction when tested 24 h later. Those rats given saline had 100% recovered fear, whereas those given DCS had substantially less fear recovery (43% recovery). Injecting DCS 4 h after extinction did not reduced the amount of fear recovery at test the following day (105% recovery).
Experiment 4
In this experiment, we examined the effect of giving additional extinction trials on extinction retention in adolescent rats. In past research with adult rats it has been shown that doubling the number of extinction trials leads to a comparable improvement in extinction retention as does administering DCS (Ledgerwood et al, 2005) . Further, it has also been shown that adult rats with lesions of the PFC can exhibit some retention of extinction if they are given additional extinction training (Lebron et al, 2004) . Therefore, in the present experiment, three groups of adolescent rats were fear conditioned. On the following day, two groups were extinguished as in the previous experiments; rats in one of these groups were injected with saline within 10 min after extinction (n ¼ 8) and rats in the other group were injected with 15 mg/kg DCS (n ¼ 11). Rats in the third group were given double the amount of extinction (ie, 60 extinction trials rather than 30) and not injected (n ¼ 10); see Figure 4a for a timeline.
Conditioning. As can be seen in Figure 4b , conditioning was successful. Statistical analysis confirmed that there was a significant effect of trial, with levels of freezing increasing across trials, F (2, 56) ¼ 51.69, po0.001. The effect of group, and the group-by-trial interaction, was not significant, (Fso1).
Extinction. There were no group differences in pre-CS levels of freezing, F (2, 26) ¼ 2.15, p40.1; see Table 1 . All groups showed high levels of CS-elicited freezing in the first block and substantially less freezing by the fifth block, F (4, 104) ¼ 63.42, po0.001; see Figure 4c . The effect of group, and the group-by-block interaction, was not significant, Fso1.
Test. There were no group differences in pre-CS levels of freezing, F (2, 26) ¼ 2.15, p40.1; see Table 1 . In contrast, there was a significant group difference in CS-elicited freezing, F (2, 26) ¼ 12.21, po0.001; Figure 4d . Pairwise comparisons, with Tukey's HSD test, revealed that rats given saline had higher levels of CS-elicited freezing than rats given DCS (po0.01) or rats given double the amount of extinction training (po0.001); the latter two groups did not differ (p40.1). Once again, 35-day-old rats exhibited very poor retention of extinction when tested 24 h later. Those rats given saline after the extinction session exhibited complete recovery of fear at test the following day (106% recovered fear). Those rats given either DCS immediately after extinction or given double the number of extinction trials exhibited markedly less recovery of fear at test the following day (31 and 23% recovery, respectively).
DISCUSSION
We hypothesized that adolescent rats would show poorer extinction retention (ie, greater fear relapse) when tested 24 h after extinction training compared with both younger and adult rats. This hypothesis was based on evidence that PFC (1) is critical for extinction retention (Herry and Garcia, 2003; Quirk et al, 2000; Milad and Quirk, 2002) , and (2) undergoes substantial restructuring during adolescence (Blakemore and Choudhury, 1999) , to the point that it might even be seen as a 'natural lesion'. Experiment 1 confirmed this hypothesis, with adolescent rats exhibiting significantly higher levels of freezing at test compared with both younger (ie, preadolescent) and older (ie, young adult) rats (also see Kim et al, in press ). Experiment 2 then showed that this impairment in extinction retention in adolescent rats could be alleviated by injecting 15 mg/kg of DCS immediately after the extinction session; a lower dose of DCS (5 mg/kg) was ineffective. Experiment 3 replicated the finding that DCS enhances extinction retention in the adolescent rat, and also showed that it had to be given shortly after the extinction session to be effective; ie, injecting DCS 4 h after extinction had no effect. Finally, experiment 4 replicated the DCS finding once again, and also showed that doubling the amount of extinction training led to a similar improvement in extinction retention in the adolescent rat. The results of experiments 1-4 consistently show that adolescent rats fail to retain an extinction memory over a 24-h period. Across the four experiments, adolescent rats Figure 4 (a) The training protocol for experiment 4, with each arrow indicating 1 day, unless otherwise indicated. Mean ( ± SEM) percentage of CS-elicited freezing is shown for each group at training (b), extinction (c), and test (d) in experiment 4. Adolescent rats in the saline control group exhibited significantly higher levels of freezing at test compared with rats given DCS after extinction, and rats given no injection but double the extinction training. There were no differences between the DCS and extended extinction groups.
Impaired extinction retention in adolescent rats J McCallum et al exhibited a comparable and essentially complete recovery of fear at test the following day (ie, 105, 90, 100, and 106% recovery of fear, as compared with the first block of extinction trials, in experiments 1-4, respectively). It is important to note that the present results also show two ways in which the impaired extinction retention in adolescent rats can be alleviated. First, systemic injection of the NMDA receptor partial agonist DCS immediately after the extinction session led to enhanced retention (ie, lower levels of freezing; experiments 2-4). This result could be because of one of several mechanisms. One possible mechanism for the observed effect of DCS on retention of extinction in adolescent rats is that it enhanced the activity of NMDA receptors in the PFC. In a recent study, we examined phosphorylated MAPK (pMAPK) in the PFC of 24, 35, and 70 day olds, using the same procedures as in this study. We measured pMAPK in that study because previous research had shown that extinction involves activation of the mitogen-activated protein kinase/extracellular signalregulated kinase (MAPK/ERK) signaling pathway in the mPFC (Kim et al, 2009) , and that postextinction blockade of MAPK/ERK in the mPFC disrupts long-term extinction (Hugues et al, 2004 (Hugues et al, , 2006 . In our recent study, levels of pMAPK in the PFC 1 h after extinction training was elevated in 24-and 70-day-old rats, but not in 35-day-old rats (Kim et al, in press ). This finding suggests that PFC is not activated in the adolescent rat when the current training/ extinction procedures are used. This could be the reason why the adolescent rat exhibits such poor extinction retention. Injecting DCS immediately after extinction may lead to an increased level of pMAPK in the PFC of adolescent rats, which then leads to enhanced retention of extinction. Some support for this notion is provided by a recent study, in which infusion of the NMDA antagonist CPP directly in the PFC impaired fear extinction retention in adult rats (Burgos-Robles et al, 2007) . In addition, a recent fMRI study found that administration of DCS enhanced PFC activity during symptom provocation in spider phobics (Aupperle et al, 2009) . Another possible mechanism for the observed enhancing effects of DCS on extinction retention in adolescent rats is that the DCS enhances activity of NMDA receptors in the amygdala, leading to a stronger extinction memory. It is well established that the amygdala has a high density of NMDA receptors (Monaghan and Cotman, 1985) , and numerous studies have shown the importance of these particular receptors in extinction retention by directly infusing either NMDA receptor antagonists (Falls et al, 1992) or the partial receptor agonist DCS (Ledgerwood et al, 2003; Walker et al, 2002) into the amygdala.
A second way in which the impaired extinction retention in adolescent rats can be alleviated is by doubling the number of extinction trials from 30 to 60. Adolescent rats treated in this way showed comparable low levels of freezing (ie, good retention of extinction), as did adolescent rats given DCS immediately after 30 extinction trials (experiment 4). This finding is similar to the finding that adult rats with lesions of the PFC can eventually exhibit retention of extinction if given extra extinction training (Lebron et al, 2004) , and the finding that doubling the number of extinction trials in adult rats leads to a comparable improvement in extinction retention as does injecting DCS (Ledgerwood et al, 2005) . It will be interesting to determine whether the mechanism mediating this improvement in extinction retention is the same, or different, to that mediating the improvement produced by DCS.
The findings from the present study showing that adolescent rats show markedly poorer retention of extinction, compared with both younger and older rats, may mean that treatment gains made in adolescents are much more vulnerable to relapse. Importantly, the results reported here also suggest that the poor retention of extinction in adolescent rats can be completely overcome by either doubling the amount of extinction training or by injecting the NMDA receptor partial agonist DCS immediately after extinction. Although some clinical research has failed to find a benefit of administering DCS (Storch et al, 2007) , several other studies have found that DCS enhances treatment outcomes in adults suffering from various anxiety disorders (Guastella et al, 2008; Hofmann et al, 2006; Ressler et al, 2004; Wilhelm et al, 2008; see Norberg et al, 2008 , for meta-analysis). The results of this study, if they can be extended to humans, suggest that DCS might be an effective pharmacological adjunct to exposure-based therapy in adolescent populations as well.
Future Research Directions
In all four experiments in this study, adolescent rats (ie, 35 days of age) exhibited poor retention of extinction over a 24-h interval. That is, despite showing low levels of fear at the end of the extinction training session (see panel (c) in all four figures), these rats exhibited substantially higher levels of freezing at test the next day (also see Kim et al, in press ). This effect was not observed in either younger (ie, 24 days of age) or older (ie, 70 days of age) rats (experiment 1; also Kim et al, in press ). We did not test to determine the exact age that this impaired extinction retention first emerges or when it no longer occurs, but other research has shown that activity in the infralimbic PFC is critically involved in extinction retention in rats aged 24-30 days (Santini et al, 2008) . On the basis of that finding, one would predict that impaired extinction retention first emerges sometime after 30 days of age. However, determination of the exact time when this impairment first occurs will have to await future studies, as will the determination of the exact age at which the impairment is no longer observed.
In addition, future experiments are needed to determine the location in the brain where DCS is having its effects. As noted earlier, the enhancement of extinction retention in adolescent rats given DCS could be because of its action in either the PFC or the amygdala (or both). In the present study, DCS was given systemically, so conclusions about the neural bases of the observed effects are not possible. On the basis of our hypothesis that the impaired extinction retention observed in adolescent rats is due to the restructuring of the PFC during this period of development, we predict that infusions of DCS into the PFC will enhance extinction retention in adolescent rats. In the present study, we also found that doubling the number of extinction trials enhanced extinction retention in adolescent rats. Future experiments will be needed to determine whether this manipulation affects extinction retention through the same mechanism(s) as does DCS. For example, do both treatments affect activity in the PFC and therefore lead to enhanced extinction retention? In that regard, we have found that doubling the number of extinction trials does lead to increased number of pMAPK immunoreactive cells in the infralimbic cortex of adolescent rats (Kim et al, in press ). We do not currently know whether administering DCS immediately after extinction will have a similar effect.
It will also be important to examine whether DCS, or doubling the number of extinction trials, enhances extinction retention in female rats, as all the animals used in these experiments were male. This issue is particularly important, given that it is well documented that the prevalence of anxiety disorders in humans is often as much as twice as high for females compared with males (Kessler et al, 2005) , particularly in adolescence (Lewinsohn et al, 1998) . Finally, it will be important to determine whether similar impairments in extinction retention are also observed in human adolescents. If they do, then such findings would have substantial implications for our understanding of treating anxiety disorders during this period of development. However, irrespective of the results of those future studies, the findings reported here clearly document that there is a marked impairment in extinction retention in adolescent rats.
